TITLE OF THE INVENTION 

ELECTRIC DEVICE, MATRIX DEVICE, ELECTRO-OPTICAL DISPLAY 
DEVICE, AND SEMICONDUCTOR MEMORY HAVING THIN-FILM TRANSISTORS 



FIELD OF THE INVENTION 

The present invention relates to matrix devices which have a 
matrix structure, have MOSFETs or MISFETs (collectively referred 
to as MOS devices) as switching devices, and perform dynamic 
operation such as liquid-crystal displays and dynamic RAMs 
(DRAMs). Examples of these matrix devices include electro- 
optical display devices and semiconductor memories. The 
invention also relates to a circuit for driving such matrix 
devices. More particularly, the invention relates to a device 
using thin-film transistors such as thin-film transistors formed 
as MOS devices on an insulating substrate. 

BACKGROUND OF THE INVENTION 

Recently, researches have been carried out on insulated-gate 
semiconductor devices comprising active layers (also known as 
active regions) in the form of thin films on an insulating 
substrate. Especially, thin-film insulated-gate transistors, or 
so-called thin-film transistors (TFTs) have been earnestly 
investigated. These devices are intended to be used to control 
pixels on a display' device having a matrix structure such as a 
liquid-crystal display. They are classified into amorphous 
silicon TFTs or polysilicon TFTs according to the used 
semiconductor material and the state of the crystal. Also, 
researches have recently been made on materials showing a 
condition intermediate between polysilicon and amorphous state. 
These materials are called semi-amorphous materials and 
considered as an amorphous structure in which crystallites are 
floating. This kind of material is an excellent one combining 
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both high mobility of a single-crystal condition and low leakage 
current of an amorphous state, as described later. 

Furthermore, polysilicon TFTs are used on an integrated 
circuit of single-crystal silicon. This is known as SOI 
(silicon-on- insulator) technique. For example, these TFTs are 
used as load transistors in an SRAM of large scale integration. 
In this case, however, amorphous silicon TFTs are quite rarely 
employed. 

A semiconductor circuit on an insulating substrate can 
operate at a quite high speed because conductive interconnects 
are not capacitance-coupled to the substrate. A proposal has 
been made to use semiconductor circuits of this kind as 
ultrahigh-speed microprocessors and ultrahigh-speed memories. 

Generally, amorphous semiconductors have low field 
mobilities and thus cannot be used in those TFTs which are 
required to operate at high speeds. Also, P-type amorphous 
silicon has an extremely low field mobility and so it is 
impossible to fabricate P-channel TFTs, or PMOS TFTs. Therefore, 
it is impossible to fabricate complementary MOS (CMOS) circuits 
by combining P-channel TFTs, or PMOS TFTs, and N-channel TFTs, or 
NMOS TFTs. 

However, TFTs fabricated from an amorphous semiconductor 
have the advantage that they have low OFF current. Hence, these 
TFTs are used in applications where very high speed operation is 
not required, only one conductivity type suffices, and electric 
charge must be held well, such as active-matrix transistors of a 
liquid-crystal device. 

On the other hand, polycrystalline semiconductors have 
larger field mobilities than amorphous semiconductors and. hence 
are capable of high-speed operation. For example, TFTs using a 
silicon film recrystal lized by laser annealing show a field 
mobility as high as 300 cm 2 /V-s, which is very much large like 
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field mobility of about 500 cm 2 /V«s of MOS transistors formed on 
a normal single-crystal silicon substrate. The operating speed 
of a MOS circuit on a single crystal of silicon is limited by the 
parasitic capacitance between the substrate and the conductive 
interconnects. In contrast, in case of the polycrystalline 
semiconductors (the r ecrys t all iz ed silicon film), such 
restrictions do not exist because the circuit lies on an 
insulating substrate. Consequently, an extremely high-speed 
operation is expected. 

PMOS TFTs can he fabricated from polysilicon similarly to 
NMOS TFTs. Therefore, CMOS circuits can be formed. For example, 
active-matrix liquid-crystal displays having a so-called 
monolithic structure, i.e., not only the active-matrix portions 
but also peripheral portions such as drivers are fabricated from 
CMOS polycrystalline TFTs, are known. 

TFTs used in the aforementioned SRAMs are formed, talcing 
account of this point. PMOS devices are fabricated from TFTs and 
used as load transistors. 

In normal amorphous TFTs, it is difficult to form 
source/drain regions by a self-aligning process as used in 
single-crystal IC fabrication techniques. Parasitic capacitance 
due to geometrical overlap of the gate electrodes and the 
source/drain regions presents problems. In contrast, 
polycrystalline TFTs can make use of a self-aligning process and, 
therefore, parasitic capacitance can be suppressed greatly. 

Although polysilicon TFTs have features described above, 
some problems have been pointed out. In a general polysilicon 
TFT, an active layer is formed on an insulating substrate. A 
gate-insulating film and gate electrodes are formed on the active 
layer. This structure is known as the coplanar type. Though 
this structure can utilize a self-aligning process, it is 
difficult to reduce the leakage current (OFF current) from the 
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active layer. 

The causes of this leakage current are not fully understood 
but a major cause is due to interface-trapped charges created 
between the underlying base and the active layer. Accordingly, 
the problems of the leakage current are solved by fabricating the 
interface with meticulous care and reducing the interface trap 
density to such an extent that it is almost equal to the density 
at the interface between the gate-oxide film and the active 
layer . 

In particular, in a high-temperature process (the highest 
process temperature is on the order of 1000*C), a substrate is 
fabricated from quartz. A coating of silicon is formed on the 
substrate and thermally oxidized at about 1000"C to form a clean 
surface. Then, an active silicon layer is formed by low-pressure 
CVD or other method. 

In a low-temperature process (the highest process 
temperature is lower than 650 *C; also known as an intermediate- 
temperature process), a silicon oxide film having an interface 
trap density as low as that of the gate-insulated film is formed 
as a base film between the substrate and the active layer. 
Sputtering is an excellent method of forming the silicon oxide 
film. Oxide films having excellent characteristics can also be 
derived by ECR CVD or plasma-assisted CVD of TEOS. 

However, it has' been still impossible to reduce the leakage 
current. Especially, the leakage current from the NMOS was 
greater than that of the FMOS by one order of magnitude or more. 
We have conjectured that weak N-type of the active layer causes 
this great leakage current. In practice, we have observed with 
high reproducibility that the threshold voltages of PMOS and NMOS 
devices manufactured by high-temperature and low-temperature 
processes shift in the negative direction. Especially, in the 
case of high-purity silicon not doped with any other dopant, we 
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have also inferred that the active layer becomes a weak N type in 
case of poor crys tallinity being obtained as in the case of 
amorphous silicon. Polycrystalline silicon fabricated by a 
high-temperature process contains numerous lattice defects and 
dangling bonds unlike a perfect single crystal of silicon. These 
become donors and supply electrons. Of course, the possibility 
of the effect of a trace amount of impurity elements such as 
sodium remains. 

In any case, if any one of the above-described causes 
exists, then we can explain away the above phenomena, i.e. NMOS 
devices have much lower threshold voltages and a larger amount of 
leakage current than PMOS devices. This is illustrated in Fig. 
1, (A)-(B). As shown in Fig. 1(A), the N + source 12 of an NMOS 
is grounded. A positive voltage is applied to the N + drain 13. 
Under this condition, if a voltage higher than the threshold 
voltage V th of a gate electrode 11 is applied to it, then a 
channel is formed on the side of the gate electrode of an active 
layer 14, and a drain current flows as indicated by the arrow of 
the solid line. However, since the active layer 14 is of a weak 
N-type (N~-type), an electrical current which hardly depends on 
the gate voltage flows from the source to the drain as indicated 
by the arrow of broken lines. 

' Even if the potential at the gate electrode is lower than 
the threshold voltage V th , then the current indicated by the 
arrow of broken lines keeps flowing. If the potential at the 
gate electrode assumes a large negative value, a P-type inversion 
layer 16 is created, as shown in Fig. 1(B), but the channel is 
not entirely inverted. Conversely, if an excessive voltage is 
applied, electrons are accumulated on the opposite side of the 
gate, thus producing a channel. Data actually obtained about 
NMOS devices is not inconsistent with the above consideration. 

In the case of the PMOS, the threshold voltage is higher 
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because the active layer is of N~-type tout the leakage on the 
opposite side of the gate is reduced greatly. Fig. 2, (A) and 
(B), show cases in which a voltage lower than the threshold 
voltage and a voltage exceeding the threshold voltage are 
respectively applied to the PMOS. 

Such conspicuous leakage current from the NMOS is an 
impediment in various applications, especially in applications 
where dynamic operation is needed. For example, in active-matrix 
arrays of liquid crystals or DRAMs , image information or stored 
information is lost. Accordingly, it has been necessary to 
reduce such leakage current. 

One method is to make the active layer of the NMOS intrinsic 
(I-type) or weak P-type. For instance, when the active layer is 
formed, an appropriate amount of P-type dopant such as boron is 
implanted only into the NMOS or into both NMOS and PMOS to make 
the active layer of the NMOS I-type or weak P-type. Then, the 
threshold voltage of the NMOS should increase, and the leakage 
current should decrease greatly. However, this method involves 
some problems. 

Usually, a CMOS circuit comprising a substrate on which both 
NMOS devices and PMOS devices are fabricated is used. Where a 
dopant should be implanted only into the N-type, excess 
photolithography steps are needed. Where a P-type dopant should 
be implanted into 'the active layers of both NMOS and PMOS 
devices, subtle dopant' implantation techniques are necessitated. 
If the dosage is too great, the threshold voltage of the PMOS 
decreases, and the leakage current increases. 

Ion-implantation techniques also pose problems. In 
implantation techniques where mass separation is effected, it is 
possible to implant only a requisite dopant element. However, 
the processed area is small. A so-called ion doping method 
provides a large processed area but unwanted ions are also 
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implanted, because the method involves no mass-separation step. 
Consequently, there is a possibility that the dose is not 
accurate . 

In this method of accelerating and implanting ions, 
localized traps are created at the interface between the active 
layer and the underlying base. Unlike the prior art ion 
implantation into a single crystal of semiconductor, the 
implantation is done over an insulating substrate and so 
conspicuous charge-up takes place. This makes it difficult to 
accurately control the dosage. 

Accordingly, previous introduction of a P-type dopant at the 
time of the formation of the active layer may be contemplated, 
but it is difficult to control a trace amount of dopant. Where 
both NMOS and PMOS are fabricated from the same film, the leakage 
current from the PMOS will be increased unless the -amount is 
adequate. Where they are fabricated from different films, an 
additional masking step is required. If the threshold voltage is 
controlled by this method, the TFTs are made nonuniform in 
threshold value due to the gas flow and other factors. The 
threshold value varies greatly from lot to lot. 

SUMMARY OF THE INVENTION 

-It is an object of the present invention to provide a 
semiconductor circuit for permitting the use of TFTs producing 
large leakage currents, by optimizing the design of the circuit; 
the leakage currents from NMOS devices are not necessarily 
reduced by controlling the manufacturing process. As described 
above, where an active layer is formed from a high-purity silicon 
material, the layer becomes N~-type. Its energy levels are quite 
excellent in reproducibility and stable. Also, the process 
itself is quite simple and provides a sufficiently high 
production yield. On the other hand, in various methods of 
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controlling the threshold value, the process is complicated. 
Furthermore, the energy levels such as Fermi levels in the 
obtained active layer vary from lot to lot, thus reducing the 
production yield. 

Obviously, a process in which impurities are eliminated as 
much as possible is easier to perform than a method in which NMOS 
devices are made to suit the circuit by improving the 
manufacturing process, i.e., a subtle doping on the order of 10 17 
atoms/cm 3 is carried out. It is better to. design the circuit so 
as to suit the resulting NMOS devices. Here lies the technical 
concept of the present invention. An electric device in 
accordance with the present invention comprises: 

a transistor element consisting of at least one n-type 
transistor; 

a p— type transistor; and 

a capacitor, 

wherein said transistor element, said p-type transistor 
and said capacitor are connected with one another in series. 

Semiconductor circuits to which the invention is applied are 
not universal. The invention is especially suited for an 
active-matrix circuit of a liquid-crystal display, for a memory 
which holds information by accumulating electric charges in 
capacitors such as a DRAM, and for a dynamic circuit such as a 
dynamic shift register that drives the next stage of circuit, 
using the MOS structures of MOS transistors as capacitors or 
using other capacitors. The above-described active-matrix 

circuit of a liquid-crystal display uses a material whose 
transmittance or reflectivity for light is changed by the effect 
of an electric field. This material is sandwiched between two 
opposite electrodes. An electric field is applied between the 
electrodes to provide a display of an image. Especially, the 
invention is adapted for use in a circuit or network 



incorporating both dynamic circuits and static circuits. 

In a first feature of the invention, the PMOS TFTs (p-type 
transistors) forming the display portion of an active-matrix 
circuit, for example, of a liquid-crystal display are used as 
switching transistors (switching means). It is necessary that 
the PMOS TFTs be inserted in series with data lines and with 
pixel electrodes. If the NMOS TFTs are inserted in parallel, a 
large amount of leakage current is produced and so this 
configuration is unsuited for display devices. Therefore, the 
present invention embraces the case in which the PMOS TFTs and 
NMOS TFTs are inserted in series in a TFT circuit for pixels. In 
this case, at least one n-type transistor is used in the active- 
matrix circuit, and each of the at least one n-type transistor is 
connected with corresponding p-type transistor in series, and one 
of source and drain of each of the at least one n-type transistor 
is connected with one of source and drain of the corresponding 
p-type transistor. Of course, the invention is applicable to the 
case in which two PMOS TFTs (two p-type transistors) are inserted 
in parallel. 

In a second feature of the invention, a device comprises a 
display circuit portion or an active-matrix circuit as described 
above and a driver circuit (or peripheral circuit) for the 
display circuit portion, and the driver circuit is constructed 
from CMOS circuits! Although it is not necessary that all 
circuits be CMOS circuits, transmission gates and inverter 
circuits are preferably fabricated from CMOS devices 
(complementary transistors). This device is conceptually shown 
in Fig. 3. A data driver 31 and a gate driver 32 are formed on 
an insulating substrate 37 around an active matrix circuit 33 as 
a peripheral circuit. The peripheral circuit comprises n-type 
and p-type complementary thin film transistor pair. The active 
matrix circuit 33 comprising PMOS TFTs (p-type thin film 
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transistors) is formed at the center of the surface of the 
substrate. The p-type thin film transistor comprise a gate and. 
an anodic oxide layer which comprises atf oxide of a material of 
the gate and is provided on a surface of the gate. These driver 
and active matrix are connected with gate lines 35 and with data 
lines 3 6 to form a display device. The active matrix 33 is an 
assemblage of pixel cells 34 comprising the PMOS devices (p-type 
transistors). The p-type transistor is connected with a pixel 
electrode through one of source and drain regions thereof and 
connected with the data line through the other one of the source 
and drain regions and connected with the gate line through a gate 
thereof as shown in the pixel cell 34 in Fig. 3. A region 
provided between the source and drain regions in the p-type 
transistor contains a p-type impurity at a concentration of 10 17 
atoms/cm 3 or less. An active region of each of £he p-type 
transistor of the active matrix circuit and the n-type and p-type 
transistors of the peripheral circuit contains a p-type impurity 
at a concentration of 10 17 atoms/cm 3 or less. 

With respect to CMOS circuits, if the threshold voltage of 
the obtained TFTs is 2 V for NMOS devices and 6 V for PMOS 
devices, and if the leakage current from the NMOS devices is 10 
or more times as large as the leakage current from the PMOS 
devipes, then CMOS inverters suffer from no problems, because the 
electric power consumed by leakage from a logic circuit such as 
an inverter does not present serious problems. An inverter is 
required to operate in such a way that it operates at a voltage 
less than the threshold voltage of NMOS devices under low-voltage 
condition and that it operates at a voltage exceeding the sum of 
the drain voltage and the threshold voltage (< 0) of PMOS devices 
under high-voltage condition. In this case, if the drain voltage 
exceeds 8 V, ideally more than 10 V, then no problems take place. 
If the inputs take two values of 0 V and 8V, then satisfactory 
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results will be obtained. 

A third feature of the invention pertains to a semiconductor 
memory such as a DRAM. The operating speeds of semiconductor 
memories in the form of single-crystal ICs have already reached 
their limits. In order to operate them at higher speeds, it is 
necessary to increase the current-carrying capacities of 
transistors. However, this leads to an increase in the amount of 
electrical current consumed. In the case of a DRAM which stores 
information by storing electric charges in capacitors, the 
capacitances of the capacitors cannot be increased further and so 
only one permitted method is to increase the driving voltage. 

One reason why the speeds of single-crystal ICs have reached 
their limits is that large loss is produced by the capacitance 
between the substrate and the conductive interconnects. If an 
insulator is used for the substrate, then a sufficiently high- 
speed operation is attainable without increasing the electric 
current consumed. For these reasons, ICs of the SOI 
(semiconductor-on-insulator) structure have been proposed. 

DRAMs in which each cell is composed of one transistor is 
similar in circuit configuration with the above-described 
liquid-crystal display. DRAMs of other structures such as those 
in which each cell consists of 3 transistors use PMOS TFTs 
producing a small amount of leakage current as the TFTs forming 
storage bits. The fundamental structure of these DRAMs is the 
same as that shown in Fig. 3. For example, a DRAM comprises a 
column decoder 31, a row decoder 32, storage elements 33, a unit 
storage bit 34, bit lines 35, word lines 36, and an insulating 
substrate 37. 

Active matrices of liquid-crystal displays and DRAMs are all 
required to be refreshed. During the refreshing operation, the 
resistances of TFTs must be large enough to prevent the 
capacitances of the pixels and the capacitors from being 



11 



( • . 

discharged. In this case, if the NMOS TFTs are used, then it is 
impossible to drive the elements satisfactorily because of large 
leakage current. In this respect, the use of the PMOS TFTs 
producing a smaller amount of leakage current yields advantages. 

In the present invention, TFTs fabricated by a high- 
temperature process can be employed to advantage. TFTs 
manufactured by a low-temperature process can be used especially 
advantageously. In a TFT fabricated by a low-temperature 
process, the structure of its active layer is midway between an 
amorphous state and a single crystal and produces large lattice 
distortions. Therefore, the TFT assumes a so-called semi- 
amorphous state and its physical properties are close to those of 
a device in an amorphous state. That is, most of active layers 
manufactured from pure silicon by low-temperature processes are 
of the N~-type. 

Semi-amorphous state is now described in detail. As heat is 
applied to silicon" in - amorphous state, the crystal grows. At 
atmospheric pressure, the crystal growth does not begin until 
about 650* C is reached. In particular, portions of comparatively 
low c ry s t al 1 ini ty are interposed among portions of high 
crystallinity . Furthermore, molecules are bonded together 

tightly and exhibit an aspect different from ordinary crystal 
segregation of ionic crystals. That is, the semi -amorphous state 
is characterized in 'that there exist very few dangling bonds. If 
the temperature exceeds 680 'C, then the growth rate of the 
crystal is accelerated greatly, and a polycrystalline state 
comprising numerous crystal grains is assumed. In this case, 
molecular bonds at the crystal grain boundaries which have been 
buffered by lattice distortions are destroyed, resulting in 
numerous dangling bonds at the grain boundaries. 

Even if a dopant is lodged into the active layer of a 
material in such a semi-amorphous state, the activation is not 
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improved greatly, in the same way as in amorphous silicon. We 
consider that this is due to selective trapping of the dopant 
especially at locations containing numerous dangling bonds. 
Consequently, it is difficult to control the threshold voltage by 
controlling the doping of an active layer in a semi-amorphous 
state or of an active layer fabricated by a low-temperature 
process . 

The present invention can also be advantageously applied to 
TFTs having two active layers as described in Japanese Patent 
Application No. 73315/1992 filed by the present applicant. In 
these TFTs , an amorphous active layer is formed directly on the 
substrate. An active layer in a semi- amorphous or 

polycrystalline state is formed on the amorphous active layer. 
The amount of leakage current produced due to electric charges 
existing at the interface between the substrate and the first- 
mentioned active layer is reduced to a minimum. However, the 
lower active layer is structurally of the N~ type because 
amorphous silicon is used. Accordingly, leakage arising from 
this active layer cannot be readily reduced, though leakage 
originating from the interface can be reduced. For example, the 
leakage current from PMOS devices is less than 10 -12 A when drain 
voltage is 1 V, whereas the leakage current from NMOS devices is 
100 dr more times as high as the former leakage current. 

A method of fabricating this structure is illustrated in 
Fig. 4. First, a strongly passive coating 42 is formed from 
silicon nitride or other material on a substrate 41. If the 
substrate is sufficiently clean, it is not necessary to form this 
coating. Then, an oxide film 43 is formed on the coating 42 to 
create an underlying layer. Subsequently, two amorphous silicon 
layers are formed. In later thermal processing, these amorphous 
silicon films remain amorphous, are made semi-amorphous, or are 
made polycrystalline by optimizing the deposition rates and the 
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substrate temperature during the depositions. In this example, 
upper layers 45 and 47 are made semi-amorphous or 
polycrystalline, while lower layers 44 and 46 are left amorphous. 

This method is characterized in that two kinds of silicon 
films having different properties can be formed by subtly varying 
the conditions under which the firms are formed, using the same 
chamber. If the threshold voltage is controlled by implanting a 
dopant, then the advantages of this method would not be derived. 
If the lower layers 44 and 46 are changed from N~-type to I -type, 
the ionization rate is low, because these layers remain 
amorphous. Hence, a large amount of doping is necessary. As a 
result, the chamber is heavily contaminated with these 
impurities. Further, there is a possibility that the active 
layers of PMOS devices are changed to the P-type. Accordingly, 
TFTs having such two active layers are very well suited for the 
present invention which does not need control over the threshold 
voltage, utilizing doping. A method of fabricating these TFTs 
will be described in detail later. 

An electric device in accordance with the present invention 
comprises : 

an insulating substrate; 

a p-type thin film transistor provided on said 
insulating substrate and connected with a bit line through a gate 
thereof and connected with a bit line through one of source and 
drain regions thereof; 

a capacitor connected with said p-type thin film 
transistor through the other one of the source and drain regions; 
and 

a peripheral circuit provided around said p-type thin 
film transistor and comprising n-type and p-type thin film 
transistors provided on said insulating substrate. 

Other objects and features of the invention will appear in 
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the course of the description thereof which follows. 



BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1, (A) and (B) , are cross-sectional views of NMOS TFTs , 
for illustrating their operation; 

Fig. 2, (A) and (B) , are cross-sectional views of PMOS TFTs, 
for illustrating their operation; 

Fig. 3 is a plan view partially in circuit diagram of a 
display device according to the invention; 

Fig. 4, (A)-(C), are cross-sectional views of TFTs according 
to the invention, for illustrating successive steps performed to 
fabricate the TFTs; 

Fig. 5, (A) -(E), are cross-sectional views of other TFTs 
according to the invention, for illustrating successive steps 
performed to fabricate the TFTs ; and 

Fig. 6 is a cross-sectional view of an electric device in 
accordance with the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 
EXAMPLE 1 

A CMOS circuit according to this EXAMPLE 1 of the present 
invention is described below by referring to Fig. 4, (A)-(C). An 
electric device in accordance with this EXAMPLE 1 is shown in 
Fig. 6 and comprises *a pair of substrates, the CMOS circuit and a 
pixel electrode provided on one of the substrates, a transparent 
conductive film 72 provided on the other one of the substrates, 
and an electro-optical modulating layer 73 provided between the 
pixel electrode (said one of the substrates) and the transparent 
conductive film (the other one of the substrates). This circuit 
comprises a substrate 41 made of #7059 glass manufactured by 
Corning Co. , Ltd. The substrate can be made from various other 
materials. From whatever material is the substrate made, the 
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substrate must be so processed that no moving ions such, as sodium 
ions enter semiconductor films. An ideal substrate is made of a 
synthesized quartz having a small alkalinity. If it is difficult 
to adopt this substrate for economical reasons, then a 
commercially available, weakly alkaline glass or non-alkaline 
glass is employed. In the present example, a film 42 of silicon 
nitride having a thickness of 5 to 200 nm (e.g., 10 nm) was 
formed on the substrate 41 by low-pressure CVD to prevent moving 
ions arising from the substrate from entering the semiconductor 
films. Then, a film 43 of silicon oxide having a thickness of 20 
to 1000 run (e.g., 50 nm) was formed on the silicon nitride film 
42 by sputtering techniques. The thicknesses of these films are 
determined, depending on the degree of intrusion of the moving 
ions or on the degree to which the active layers are affected. 
As an example, where the quality of the silicon nitride film 42 
is not good and electric charges are strongly trapped, the 
overlying semiconductor layers are affected through the silicon 
oxide film. In this case, it is necessary to make the silicon 
oxide film 43 thick. 

These films can be formed by plasma-assisted CVD as well as 
by low-pressure CVD or sputtering techniques described above. 
Especially, the silicon oxide films can be fabricated from TEOS. 
The used means may be selected, taking account of the costs, the 
productivity, and other factors. Of course, these films can be 
formed by a continuous process. 

Then, an amorphous silicon film having a thickness of 20 to 
200 nm (e.g. , 100 nm) was formed from monosilane by low-pressure 
CVD. The substrate temperature was 430-480*C, e.g., 450'C. The 
substrate temperature was continuously changed, and an amorphous 
silicon film having a thickness of 5 to 200 nm (e.g. , 10 nm) was 
formed at 520-560*C (e.g., 550*C). Our research has revealed 
that the substrate temperature materially affects the laminate 
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during later crystallization. For example, when the films were 
formed at temperatures below 480°C, it was difficult to 
crystallize them. Conversely, when the films were formed above 
520*C, they could be readily crystallized. The amorphous silicon 
films obtained in this way were thermally annealed at 600 *C for 
24 hours. As a result, only the upper silicon film was 
crystallized. In this way, crystalline silicon that is so-called 
semi-amorphous silicon semiconductor was obtained. The 
crystalline silicon may be a single crystal silicon semiconductor 
or a polycrystal silicon semiconductor instead of the so-called 
semi-amorphous silicon semiconductor. The lower silicon film 
remained amorphous . 

To promote the crystallization of the upper silicon film, 
the concentrations of carbon, nitrogen, and oxygen atoms 
contained in the film are preferably less than ,7 x I0 19 
atoms/cm 3 . SIMS analysis has demonstrated that these 
concentrations were less than 1 x 10 17 atoms/cm 3 in the present 
example. Conversely, in order to suppress the crystallization of 
the lower silicon film, higher concentrations of these elements 
are advantageous. However, excessive doping adversely affects 
the semiconductor characteristics, hence the TFT characteristics. 
Therefore, the presence or absence of doping and the amount of 
doping are determined according to the TFT characteristics. 

After annealing the amorphous silicon film to form a 
crystalline silicon film, it was etched into an appropriate 
pattern, thus producing semiconductor island regions 45 for NTFTs 
and semiconductor island regions 4 7 for PTFTs . No intentional 
doping into the upper surface of each island region was made. 
SIMS analysis has revealed that the dopant concentration of boron 
was less than 10 17 atoms/cm 3 . Accordingly, we conjecture that 
the conductivity type of this portion is N~-type. On the other 
hand, the lower silicon layers 44 and 46 of the semiconductor 
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regions were substantially amorphous silicon semiconductor. 

Thereafter, a gate-insulating film 48 having a thickness of 
50 to 300 run (e.g., 100 run) was formed from silicon oxide by- 
sputtering techniques in an oxygen ambient while using a target 
of silicon oxide. The thickness of this film is determined 
according to the operating conditions of the TFTs and other 
factors . 

Subsequently, a 500-nm-thick aluminum film was formed by 
sputtering. This was patterned with a mixed acid, or phosphoric 
acid solution to which 5% nitric acid was added, to form gate 
electrodes and interconnects 49 and 50. The etch rate was 225 
nm/min when the etching temperature was 40 *C. In this way, the 
contours of the TFTs were properly adjusted. Every channel was 8 
urn long and 20 urn wide. This state is shown in Fig. 4(A). 

Then, aluminum oxide was formed on the surfaces of the 
aluminum interconnects by anodic oxidation. As a method of the 
anodic oxidation, a process described in Japanese Patent 
Application No. 231188/1991 or No. 238713/1991 filed by the 
present applicant was used. Modifications may be made to the 
implementation of the method according to the characteristics -of 
the intended devices, the process conditions, the costs, and 
other factors. In the present example, aluminum oxide films 51 
and 5 2 having a thickness of 250 nm were formed by anodization. 

Thereafter, N-type source/drain regions 53 and P-type 
source/drain regions 5 4 were formed by ion implantation through 
the gate-insulating film and by making use of well-known CMOS 
fabrication techniques. The dopant concentration in each region 
was 8 x 10 19 atoms/cm 3 . As an ion source of the P-type, boron 
fluoride ions were used. As an ion source of the N-type, 
phosphorus ions were employed. The former ions were implanted at 
an accelerating voltage of 80 keV, while the latter ions were 
introduced at 110 keV. The accelerating voltage is determined, 
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taking account of the thickness of the gate-insulating film and 
the thicknesses of the semiconductor regions 45, 47. Instead of 
the ion implantation, ion doping can be exploited. in the ion 
implantation, implanted ions are separated by their masses and so 
unwanted ions are not lodged. However, the size of substrates 
which can be processed by an ion implanter is limited. On the 
other hand, in the ion doping process, relatively large 
substrates (e.g., having diagonals more than 30 inches) can be 
processed but hydrogen ions and other unwanted ions are 
simultaneously accelerated and implanted and, therefore, the 
substrates tend to be heated. in this case, it is difficult to 
conduct selective implantation of dopants, using a photoresist as 
used in ion implantation. 

In this way, TFTs having offset regions were fabricated, as 
shown in Fig. 4(B). Finally, using the gate electrodes as a 
mask, the source/drain regions were recrystallized by laser 
annealing under conditions as described in the above-cited 
Japanese Patent Application No. 231188/1991 or No. 238713/1991. 
An interlayer insulator 55 was formed from silicon oxide by rf 
plasma-assisted CVD. Holes were formed in this insulator to 
permit formation of electrodes. Aluminum interconnects 56-58 
were formed, thus completing the device. 

In the present example, not only the films 45, 47 which had 
been crystalline silicon but also the films 44, 46 that had been 
amorphous silicon were crystallized by laser annealing, because 
the laser annealing is a powerful tool. As a result, as shown in 
Fig. 4(C), the originally amorphous regions 44 and 46 were 
transformed into a material having the same crystallinity as the 
source/drain regions except for the portions 59 and 60 located 
under the channels. Thus, the source/drain regions were 
substantially identical in thickness with the semiconductor 
island regions 45 and 47. However, as can be seen from this 
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figure, "the substantial thickness of the channels was about 10 
nm, which was smaller than the thickness of the source/drain 
regions. In consequence, the sheet resistance of the 
source/drain regions was small. Also, the decrease in the 
thickness of the channels reduced the OFF current accordingly, 
thus yielding excellent characteristics. 

Fig. 4, ( A ) — ( C ) , illustrate successive steps for 
manufacturing a CMOS circuit used in a driver circuit for a 
liquid-crystal display. Similarly, PMOS devices were formed on 
the active matrix on the same substrate. TFTs were constructed 
in this way. The channel length of these TFTs was 5 urn, and the 
channel width was 20 urn. When the source/drain voltage was 1 V, 
the leakage current from the NMOS devices was about 100 pA, and 
the leakage current from the PMOS devices was about 1 pA. In 
this way, the OFF resistance of the PMOS devices was 100 times as 
high as that of the NMOS devices. When the gate voltage was +8 V 
(-8 V in the case of the "PMOS devices) and the TFTs were 
conducting, an electrical current of 10 uA and an electrical 
current of 100 nA were passed through the NMOS and PMOS devices, 
respectively. The drain current from the PMOS devices was much 
smaller than that from the NMOS devices because the threshold 
voltage was shifted in the negative direction in the case of the 
PMOS * devices. Therefore, when the gate voltage of the PMOS 
devices was set to -12 V, the drain current was 1 uA. That is, 
where a transmission gate is fabricated from these TFTs, the 
potential applied to the PTFTs should be shifted in the negative 
direction. 

The dimensions of the PMOS TFTs of the active matrix were so 
set that the channel length was 5 urn and that the channel width 
was 10 urn. When the gate voltage of the TFTs of the PMOS devices 
used as the active matrix was changed from 0 V to -12 V, the 
drain current increased by a factor of 10 s . Hence, no problems 
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occur where the TFTs are used in a display device. If a wider 
variation is needed, two PMOS TFTs are connected in series to 
form a so-called dual-gate structure. In this case, under OFF 
condition, the resistivity of the TFTs was increased by 
approximately one order of magnitude. However, in ON condition, 
the resistivity of the TFTs was increased only by a factor of 
approximately two. Eventually, the drain current varied by a 
factor of 10 7 . If three stages of TFTs are connected in series, 
then the drain current will increase further by one order of 
magnitude. 

EXAMPLE 2 

Fig. 5, (A)-(E), illustrate successive steps performed to 
fabricate NMOS and PMOS devices according to the invention. In 
the present example, TFTs were fabricated by a high- temperature 
process. First, an undoped polysilicon film having a thickness 
of 100 to 500 nm, preferably 150 to 200 nm, was formed on an 
insulating substrate 61 of quartz by low-pressure CVD. The 
insulating substrate 61 was 105 mm wide, 105 mm long, and 1.1 mm 
thick. Then, the polysilicon film was oxidized in a dry, high- 
temperature oxygen ambient within a temperature range from 8 50 to 
1100*C, preferably, from 950 to 1050"C. In this way, a silicon 
oxide* film 62 was formed on the insulating substrate (Fig. 5(A)). 

An amorphous silicon film having a thickness of 100 to 1000 
nm, preferably 350 to 700 nm, was formed from disilane by 
plasma-assisted CVD or low-pressure CVD. The substrate 
temperature was 350 to 450"C. The laminate was annealed for a 
long time at a temperature of 550 to 650*C, preferably 580 to 
620*C, to impart crystallinity to the film. The laminate was 
patterned to form NMOS regions 63a and PMOS regions 63b, as shown 
in Fig. 5(B) . 

Then, the surfaces of the silicon regions 63a and 63b were 
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oxidized in a dry, high-temperature oxygen ambient to form a 
silicon oxide film 64 having a thickness of 50 to 150 nm, 
preferably 50 to 70 nm, on the surfaces of the silicon regions, 
as shown in Fig. 5(C). The oxidation was done under the same 
conditions as in the case of the silicon oxide film 62. 

Subsequently, a silicon film having a thickness of 200 to 
500 nm, preferably 350 to 400 nm, and doped with phosphorus ions 
with concentration 10 19 to 2 x 10 20 atoms/cm 3 , e.g., 8 x 10 19 
atoms/cm 3 , was formed and patterned as shown in Fig. 5(D) to form 
gates 65a of NM0S devices and gates 65b of PM0S devices. Then, 
doped regions 66 and 67 were formed in the NM0S and PMOS devices 
by ion implantation. 

The bottoms of these doped regions did not reach the 
underlying silicon oxide film 62. That is, numerous local traps 
are formed at the interface between the underlying oxide film and 
the silicon film. Consequently, those portions of the silicon 
film which are close to the underlying oxide film exhibit a 
certain conductivity type, normally N-type . If the doped regions 
neighbor these silicon film portions, leakage occurs. In the 
present example, to circumvent such leakage, a space of 50 to 200 
nm was formed between the bottom of each doped region and the 
underlying oxide film 62. 

,In the present example, the ions were implanted through the 
silicon oxide film 6*4. To control the depth of the doped regions 
more accurately, the silicon oxide film 64 may be removed and 
thermal diffusion may be carried out. 

After forming the doped regions, the crystallinity of the 
doped regions was recovered by thermal annealing. Then, an 
interlayer insulator 68 of boro-phosphosilicate glass was 
deposited in the same way as in an ordinary step of fabricating 
TFTs. The surface was flattened by reflow techniques, contact 
holes were formed, and metal interconnects 69-71 were formed. 
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A 16 k-bit DRAM in which each cell was composed of a 
transistor was fabricated, using the TFTs manufactured by the 
steps described above. The channels of the TFTs had a channel 
length of 2 p and a channel width of 10 p. The leakage current 
from the NMOS devices was about 10 pA when the source/drain 
voltage was 1 V. The leakage current from the PMOS devices was 
about 0.1 pA under the same condition. Memory elements comprise 
PMOS devices having a channel length of 2 um and a channel width 
of 2 p. The capacitance of the capacitors of the memory 
elements was 0.5 pF. The maximum refresh interval was 5 seconds. 
In this way, information can be held for a long time. This was 
enabled by the fact that the resistance of the PMOS devices in 
OFF condition was as high as 5 x 10 13 n. Peripheral circuits 
were fabricated from CMOS devices using NMOS and PMOS devices 
manufactured by the above-described steps. Since the* DRAM was 
built on the insulating substrate in this manner, high-speed 
operation is possible. Writing and reading could be effected in 
100 ns per bit. 

The present invention can enhance the reliability and the 
performance of a dynamic circuit and of a device using such a 
circuit. Where the prior art polycrystalline TFTs are used in 
the active matrix of a liquid-crystal display, the ratio of the 
drain current in ON condition to the drain current in OFF 
condition is low, and various difficulties have arisen in putting 
the TFTs into practical use. We consider that the present 
invention has solved the problems almost successfully. 
Furthermore, the semiconductor circuit on the insulating 
substrate as described in Example 2 has the advantage that it can 
operate at a high speed. Obviously, the invention may be 
practiced with similar utility in TFTs used to construct a 
three-dimensional semiconductor circuit of a single crystal. 

For example, a peripheral logic circuit is constructed from 
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a semiconductor circuit on a single-crystal semiconductor. TFTs 
are formed over the logic circuit via an interlayer insulator. 
In this way, memory elements can be formed. Iff this case, the 
memory elements comprise DRAM circuits using the PMOS TFTs . 
Their driver circuits are built from CMOS devices formed in the 
single-crystal semiconductor circuit. If such circuits are used 
as a microprocessor, the memory elements are located at the 
second layer and, therefore, the area occupied can be saved. In 
this way, we think that the present invention is industrially 
quite advantageous. 
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